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Abstract. The 4.62 /im absorption band, observed along the line-of-sight towards various young stellar objects, is 
generally used as a qualitative indicator for energetic processing of interstellar ice mantles. This interpretation 
is based on the excellent fit with OCN~, which is readily formed by ultraviolet (UV) or ion-irradiation of ices 
containing H2O, CO and NH3. However, the assignment requires both qualitative and quantitative agreement 
in terms of the efficiency of formation as well as the formation of additional products. Here, we present the 
first quantitative results on the efficiency of laboratory formation of OCN~ from ices composed of different 
combinations of H2O, CO, CH3OH, HNCO and NH3 by UV- and thermally-mediated solid state chemistry. Our 
results show large implications for the use of the 4.62 fim feature as a diagnostic for energetic ice-processing. UV- 
mediated formation of OCN~ from H2O/CO/NH3 ice matrices falls short in reproducing the highest observed 
interstellar abundances. In this case, at most 2.7% OCN~ is formed with respect to H2O under conditions that 
no longer apply to a molecular cloud environment. On the other hand, photoprocessing and in particular thermal 
processing of solid HNCO in the presence of NH3 are very efficient OCN~ formation mechanisms, converting 60%- 
85% and ~100%, respectively of the original HNCO. We propose that OCN" is most likely formed thermally from 
HNCO given the ease and efficiency of this mechanism. Upper limits on solid HNCO and the inferred interstellar 
ice temperatures are in agreement with this scenario. 

Key words, methods: laboratory, ISM: molecules, infrared: ISM: lines and bands, OCN~ 
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^ 1. Introduction versial. First laboratory studies by Moore et al. (1983) 

' reproduced the interstellar feature by proton irradiation 

■ The chemical composition of interstellar ices acts as a of interstellar ice analogs composed of H2O, CO and NH3. 

^ . tracer of the chemical and physical history of molecular Subsequently, Lacy et al. (1984) produced a similar fea- 
■ - - ' clouds. Based on spectral absorption features in the 2- ^ure by Vacuum ultraviolet (VUV) photoprocessing of 
16 Aim region, the ices are found to consist of simple neu- CO/NH3 ice. This 'XCN' feature was assigned to OCN" 
tral molecules. In addition, observational evidence now ^y Grim & Greenberg (1987), and Schutte & Greenberg 
exists for the presence of ions such as OCN , HCOO (1997) strengthened the hypothesis by looking at the band 
and NH+ (Grim et al. 1989; AUamandola et al. 1999; g^ift using different isotopes. In addition, Demyk et al. 
Novozamsky et al. 2001; Schutte & Khanna 2003). The (iggg) showed that OCN" could also form from HNCO 
formation mechanisms underlying their presence, however, g^j^ple acid-base chemistry with NH3 , serving as a pro- 
are still uncertain for most species. Understanding these ^on acceptor. This process has recently been studied in 
processes is of key importance to improve our knowledge ^^ore detail by Raunier et al. (2003a, b). Although HNCO 
of the ice history and the ^evolution of molecular clouds.^ ^as not been identified directly in interstellar ices, it is ob- 
The 4.62 ^m (2165 cm i) laboratory feature of OCN ^^^^^^ 'hot cores' surrounding massive protostars and 
matches well an interstellar absorption band, observed to- jg ^ likely precursor of OCN" . In spite of the strong case 
wards various young stellar objects (YSO's). Ever since foj. assigning the interstellar 4.62 /im feature to OCN", 
its first detection in the infrared spectrum of W 33 A by niany other carriers were proposed. A summary is given 
Soifer et al. (1979), its assignment has remained contro- ^y Pendleton et al. (1999). Some carriers, hke silanes, thio- 
cyanates, isothiocyanates and ketenes, cannot be excluded 
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The ease with which the interstellar 4.62 fim feature 
can be reproduced in the laboratory by the energetic pro- 
cessing of simple ices led to the direct association of this 
band in interstellar spectra with the presence of energetic 
processes. This is, however, a tentative assumption. A 
careful interpretation of interstellar data requires a thor- 
ough quantitative study of the efSciency of the OCN~ 
formation together with an exhaustive investigation of the 
formation of additional products. Moreover, renewed in- 
terest has stemmed from the possibility that CN-bearing 
species may get included in protoplanetary discs to be- 
come an important component of prebiotic matter. This 
adds to the importance in the quest to understand the un- 
derlying formation mechanism of one of its simplest com- 
pounds, OCN" (Tegler et al. 1995; Pendleton et al. 1999; 
Whittet et al. 2001). 

This study will look in detail at the formation effi- 
ciency of OCN~ by UV- and thermal processing of inter- 
stellar ice analogs and the evolution of additional products 
under laboratory conditions. The outline of the paper is 
as follows. Sect. 2 describes the experimental procedure, 
leading to the results in Sect. 3. The initial precursor abun- 
dance and the influence of photon-energy distribution and 
ice-thickness on the efficiency of OCN~ formation are ad- 
dressed. Also alternative C- or N-sources to form OCN~ 
other than CO or NH3 are considered, namely, H2CO, 
CH4 and N2. Special attention is paid to the formation 
of OCN- from HNCO or CH3OH. Sect. 4 discusses the 
astrophysical implications of the results in relation to the 
4.62 /im 'XCN' feature observed in ices towards various 
YSO's and aims to provide a more solid base for the use 
of this feature as a potential diagnostic of energetic pro- 
cessing of ices in space. Finally in Sect. 5 our conclusions 
are summarised. 

2. Experimental methods 

All experiments were performed under high vacuum (10~^ 
mbar) conditions using Fourier Transform Infrared spec- 
troscopy (FTIR) over the 4000 400 cm^^ spectral range 
at 2 cm^^ resolution. Ice matrices were grown at 15 K on 
a Csl window following the general procedure as described 
by Gerakines et al. (1995, 1996). To obtain a particular 
ice composition, constituent gases were mixed in a glass 
vacuum manifold (typical base pressure 2x10^^ mbar) to 
their initial relative ice abundances. Unless stated other- 
wise, the ices wore grown as heterogeneous mixtures. 

Cyanic acid, HNCO, was produced as described by 
Novozamsky et al. (2001). In addition to their protocol, 
the collection of volatile HNCO was started at a cracking 
temperature of 343 K using a liquid nitrogen cool-trap and 
continued for 5 min. after completion of cracking. Infrared 
analysis of the volatile products at 216 K showed HNCO 
and CO2 together with some very weak unidentified fea- 
tures. HNCO was purified by vacuum freeze-thaw using a 
n-octane and an isopentane slush at 216 K and 154 K, re- 
spectively. The purity of the HNCO was always > 99.5% 
relative to CO2. The contamination level of the residual 



products is probably less than 50% of the CO2 impurity 
and is thus thought to have a minor influence on the ex- 
perimental results of HNCO in astrophysically relevant ice 
matrices. Therefore no further purification was applied. 

The thermal formation of OCN~ was studied by rais- 
ing the temperature of the ice matrix in steps of 5-20 K. 
The actual warmup was fast relative to the specific time 
of the typical experiment such that no reaction rate con- 
stants could be determined. 

Photoprocessing of optically thin ices used a mi- 
crowave H2-discharge lamp equipped with a MgF2 win- 
dow (Gerakines et al. 1996) to obtain the standard 'hard' 
UV with an overall UV flux of ~5 x lO^** photons cm~^ 
s~^ (Ephoton > 6 eV). These conditions simulate best 
clouds located near hot stars (^^20000 K) or cosmic-ray 
induced UV photons inside a molecular cloud. A less en- 
ergetic 'soft' UV source with a ^5x lower UV flux was 
produced by using a fused silica window (Janos technol- 
ogy ICC). Fused silica becomes opaque below 140 nm. 
The transmitted photons are therefore lower in energy, 
typically Ephoton < 8.8 eV. Astrophysically, this less ener- 
getic photon source can be viewed as a rough simulation of 
the UV impinging on ices that reside in more shielded re- 
gions around YSO's where the higher energy photons have 
been absorbed by dust. Both hard and soft energy spec- 
tra are extensively described by Munoz-Caro & Schutte 
(2003). 

Any astrophysical implications, based on efficiencies 
found in the laboratory must be treated with care. In 
the laboratory the ice is grown on a Csl-substrate. Csl 
can give rise to surface directed chemistry which can be 
different from interstellar grains. This effect is assumed 
to play a minor role within ice-thicknesses studied here. 
Also, differences in surface area introduce changes such as 
UV induced heating effects. Local heating on grains pre- 
dominantly influences the very small ones that account for 
only a minor part of the total population and are there- 
fore assumed to introduce only a small error on the total 
results. One other important point to consider is the to- 
tal UV-flux of a molecular cloud, translating to a total 
UV fluence seen by one individual grain. The laboratory 
UV-flux is kept such that it predominantly induces single- 
photon processes. Still the flux in the laboratory is about 
10 orders of magnitude more intense than that inside a 
molecular cloud. UV-photons induce^ sc^condary electrons 
and can form metastable species that can react on dif- 
ferent time scales than ion-molecule or radical-molecule 
reactions. These processes, when present, could lead to 
discrepancies between observations and laboratory results. 



3. Results 

3.1. Band strengths 

The integrated band strength, A, was determined for the 
relevant HNCO, OCN", and NH| features and was de- 
rived from the optical depth, T;/, at a frequency v by means 
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Table 1. Band strength of relevant features at 15 K 

u (cm^^) A (molec.cm^^)" 
H2O dominated matrix: H2O/NH3/HNCO = 120/10/1 

HNCO 2260 7.2xl0~" 
OCN" 2170 1.3x10^^*^ 

NH+ 1485 4.1x10"^^ 

H2O poor matrix: NH3/HNCO = 10/1 

HNCO 2260 7.8x10"^^ 
OCN" 2160 1.3x10^^*^ 

NH+ 1485 4.6x10-^^ 

a. Band strengths are determined with 20% accuracy 

of the foUowing equations where N is the total amount of 
molecules. 

A = (1) 
A - 4, '^""'^ (o\ 

^ncw — ^known V / 

'n<nown 

To determine ^ in a matrix of different molecules we 
used the umbrella mode of NH3 at 1070 cm~^ (^NHg = 
1.7 x 10^^^ cm molecule"^, d'Hendecourt & AUamandola 
1986) at 15 K as the known reference and assumed the 
thermally induced acid-base reaction of HNCO and NH3 
to OCN~ and NH^, earlier described by Demyk et al. 
(1998), to be 100% efficient. Using exactly the same depo- 
sition parameters to compose the ice mixtures made it pos- 
sible to correct for a change in the reference band strength 
of NH3 due to the ice matrix composition. The obtained 
band strengths are listed in Table Within the accu- 
racy of our measurement, 20%, band strengths are in good 
agreement with those derived earlier (Gibb et al. 2000; 
d'Hendecourt et al. 1986; Tegler et al. 1995; Lowenthal et 
al. 2002; Schutte & Khanna 2003). 

3.2. Thermal formation of OCN^ 

The acid-base like reaction mechanism in which HNCO 
donates a proton to NH3 is the last step in the reac- 
tion towards OCN" formation. As this is likely to be 
effected by the mobility of the reacting species, OCN~ 
formation was studied qualitatively and quantitatively by 
thermal processing. Three different ice compositions were 
used to simulate interstellar abundances. The first sam- 
ple has relative abundances such that they reflect column 
densities as observed towards W33A (Gibb et al. 2001). 
This ice is highly dominated by H2O (typical composi- 
tion H2 O /NH3 /HNCO = 120/10/1). Second, a matrix was 
composed that lacked H2O, creating the most favourable 
extreme environment to form OCN~ from HNCO and 
NH3. Third, an in-between sample was taken with a re- 
duced amount of H2O, simulating a situation of high local 
HNCO and NH3 abundances. 

The thermal evolution of this acid-base reaction is 



wavelength (microns) 
4.4 4.6 6 7 8 9 10 
-T ■ 1 ■ / / 




2300 2200 1800 1600 1400 1200 1000 



wavenumber (cm"') 

Fig. 1. The thermal evolution of H2O/NH3/HNCO = 
120/10/1 ice is shown qualitatively at a. T = 15 K, 6. T = 
52 K and c. T = 122 K in the spectral range of 2300-2100 
cm-i and 1850-990 cm^^. At 122 K OCN" has reached 
maximum production. 

shown qualitatively in Fig. ^ which contains spectral re- 
gions with the most distinctive features. The strong H2O 
stretch vibration around 3300 cm"-'^ is left out for prac- 
tical reasons. The unresolved double-peaked structure at 
2265 cm~^, extending to 2245 cm~^, is assigned to HNCO 
(Novozamsky et al. 2001). As the temperature increases 
this structure evolves to a single peak at 2260 cm^^ which 
is consistent with the thermal behaviour of HNCO in a 
H2O matrix (Raunier et al. 2003a). At 15 K OCN" is al- 
ready observed by its feature at 2169 cm~^, supported by 
the counter-ion NH4' that is seen as a shoulder at 1485 
cm~^ on top of the broad H2O bending mode. This is in 
agreement with findings from Raunier et al. (2003b) who 
show that OCN~ forms from the interaction of HNCO 
with 4 NH3 molecules by purely solvation-induced disso- 
ciative ionization at 10 K. The features of OCN~ and NH4" 
continue to grow with temperature as the broad HNCO- 
structure at 2260 cm~^ and the NH3 feature at 1070 cm~^ 
decrease, consistent with previous experiments by Demyk 
et al. (1998). Furthermore, as the temperature rises the 
peak position of OCN" shifts from 2170.8 cm"^ at 15 K 
to 2166.0 cm-i at 120 K. 

A quantitative analysis is shown in Fig.[21for the three 
ices under study. The initial conversion at 15 K is infiu- 
enced by the relative concentrations of HNCO and NH3 
and ranges from 40% in a H2 0-dominated matrix to a 
maximum of 90% in the absence of H2O. A conversion at 
such low temperatures is likely to be partly facilitated by 
the kinetic energy freed when the molecules freeze out onto 
the surface. However, studies by Raunier et al. (2003a, b) 
on the thermal reactivity of HNCO with H2O and NH3 
individually show that dissociative ionization of HNCO in 
H2O only occurs above 130 K but already at 10 K in the 
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Table 2. Reactions responsible for OCN formation 




Temperature (K) 



reactions in thermally processed ices 



HNCO + NH3 
HNCO + H2O 



OCN~ 
OCN- 



+ NH+ 

+ H3O+ (?) 



reactions in photoprocessed ices 



NH3 + hu — > 
H2O + hu — > 
CO + NH2 — 

CO + OH — > 

CONH2 + H - 
HNCO + NH3 
HNCO + H2O 



NH2 + H 
OH + H 
> CONH2 
^ CONH2 
COOH* - 
+ COOH 

HCONH2 
— > OCN" + NH+ 
— > OCN" + H3O 



HNCO + H 



CO2 + H 



Fig. 2. The conversion of HNCO to OCN as a func- 
tion of temperature is shown quantitatively for a. 
H2O/NH3/HNCO = 120/10/1, b. H2O/NH3/HNCO = 
24/10/1 and c. NH3/HNCO ^ 10/1. Abundances are nor- 
malised to the initial HNCO abundance. OCN~ is marked 
by triangles while squares indicate HNCO. Conversions 
can exceed 100% due to an increased signal intensity of 
OCN~ at >70 K and a 20% accuracy of the measure- 
ments. 

presence of NH3. The direct continuation of OCN^ forma- 
tion that is observed when the temperature is only slightly 
raised, can be explained by an increasing mobility of NH3 
to facilitate the deprotonation of HNCO within the time 
of our experiment (^10 min.). Nevertheless, the temper- 
ature at which maximal conversion is achieved depends 
only slightly on the H2O dilution. All matrices show the 
expected conversion of ^100% for HNCO between 70-100 
K that is irreversible upon cooling. 

The thermal deprotonation of HNCO by H2O, shown 
by Raunier et al. (2003a), is not observed while UV- 
induced deprotonation is (see Sect. 3.3). The IR- analysis 
technique and the lower resolution used in the present 
study might account for this discepancy. Our observations 
subscribe that NH3 is not a priori required for this reac- 
tion. However, due to its efficiency the reaction of HNCO 
with NH3, shown in Table [21 is most likely responsible for 
the thermal formation of OCN^. 



3.3. UV photoprocessing of HNCO-containing ices 

The UV photoprocessing of HNCO-containing ices was 
performed to compare the efficiency of the UV-induced 
to the thermally induced chemistry discussed above. 
Similar ice mixtures were grown with compositions 
H2O/NH3/HNCO = 140/8/1 (hereafter mixture A), 
H2O/NH3/HNCO = 20/8/1, and H2O/HNCO = 14/1. 

The photoprocessing of mixture A at 15 K is shown 
qualitatively in Fig.El Only the 2300-2100 cm"! and the 



1850-950 cm ^ regions are shown. Part of the deposited 
HNCO reacts directly to OCN" (see Sect. 3.2). UV irra- 
diation causes the 2169 cm"^ and 1485 cm~^ features to 
increase further in intensity as the 2260 cm"^ and 1070 
cm~^ bands decrease, showing the formation of OCN~ 
and NHJ from HNCO and NH3 (described by the reac- 
tions in Table |2J|. Apart from CO2 no other photoproducts 
are seen to form based on the infrared spectroscopy. All 
nitrogen-bearing species disappear from the solid ice ma- 
trix at sufficiently high UV dose. This will be discussed in 
Sect. 3.4. 

Fig. El shows the reaction of HNCO to OCN" quanti- 
tatively as a function of UV dose for the three ices stud- 
ied. Abundances are given in percentage of the initially 
deposited amount of HNCO. The maximal efficiency at 
which OCN" can be produced depends on the H2O dilu- 
tion of the ice matrix. Higher concentrations of NH3 and 
HNCO with respect to H2O result in higher efficiencies of 
OCN" formation. The efficiency ranges from 60% to 85% 
with respect to initial HNCO for the matrices here stud- 
ied and a maximal OCN" abundance was obtained after 
a dose of 0.2-3.0x10^'' photons cm"^. This is ^^lOx lower 
than the amount of photons needed to reach maximal 
abundances in H2 0/CO/NH3-precursor matrices (see sec- 
tion 3.4). At higher dose, OCN" photodissociation domi- 
nates over its formation and after ~2x 10^* photons cm"^, 
OCN" can no longer be detected. The thermal and UV 
processing have very similar effects in H2O/NH3/HNCO 
matrices (compare Fig. ^ and |3Jl. Photoproducts, formed 
with a kinetic energy in excesses of the ambient ice tem- 
perature, will increase the effective ice temperature when 
they release this excess energy into the matrix phonon 
modes. It is therefore not possible to distinguish between 
these two routes. 

3.4. UV photoprocessing of H20/C0/NHi ices 

Previous work by Grim & Greenberg (1987) showed the 
formation of OCN" by UV photoprocessing of ices com- 
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wavelength (microns) 

4.3 4.4 4.5 4.6 4.7 6 7 8 9 10 




2300 2200 1800 1800 1400 1200 1000 



wavenumber (cm ') 

Fig. 3. The deprotonation of HNCO, induced by 'hard' 
UV photons at 15 K, is shown quahtatively for 
H2O/NH3/HNCO = 140/8/1 for the spectral range of 
2300-2100 cm~i and 1850-990 cm"! at a UV fluence 
of a. photons cm^^, b. 2.4x10^^ photons cm~^ and c. 
1.0x10^^ photons cm^^, corresponding to the maximum 
OCN^ produced. CO2 appears as the only observable by- 
product of OCN" formation but is not shown for practical 
reasons. 

posed of H2O, CO and NH3. The resulting spectrum nicely 
fits the observed 4.62 /im feature toward various lines of 
sight. A careful interpretation of the interstellar data re- 
quires that the interstellar OCN^ feature is reproduced 
not only by shape but also in absolute intensity and that 
the additional product formation in studied. 

Apart from OCN^, many products are formed by UV- 
photon induced reactions in a H2O/CO/NH3 ice matrix. 
The 2300-1000 cm~^ spectral region in Fig. El shows the 
most distinctive features. Most products have been iden- 
tified in earlier irradiation experiments of similar ices and 
are listed in Table U] (Grim et al. 1989; d'Hendecourt et 
al. 1986; Hagen et al. 1983). The strong stretch vibra- 
tion of CO2 at 2340 cm~^ dominates the spectrum but 
is not shown for practical reasons. A weak, broad, pre- 
viously unidentified feature appears at 2260 cm^^. This 
feature is partly blended with the 2278 cm~^ resonance of 
CO2 and is positively identified with the 1/2 vibration of 
HNCO diluted in H2O ice. None of the features, listed in 
Table form an unique diagnostic for UV photoprocess- 
ing in this spectral region because they are either non- 
specific (CO2) or have too weak band strengths to give 
constraints (H2CO and HCONH2). 

Figure El shows the photolysis of CO and NH3 in a 
H2O dominated ice matrix together with the evolution of 
OCN^. Using Equation (1), the derived abundances are 
normalised to the original H2O ice content. For OCN^ 
the absolute integrated band strengths listed in Table ^ 
are used. CO2 is formed almost instantly upon UV expo- 
sure. OCN~ , being a higher order product of irradiation, 




0.1 1 10 100 1000 

UV dose (xio" photons cm ^ hard UV) 



Fig. 4. The deprotonation of HNCO at 15 K is shown 
quantitatively as a function of the fluence of 'hard' 
UV photons for a. H2O/NH3/HNCO = 140/8/1, b. 
H2O/NH3/HNCO = 20/8/1 and c. H2O/HNCO = 14/1. 
Abundances are normalised to the initial HNCO abun- 
dance. Triangles and squares indicate OCN~ and HNCO, 
respectively. Maximal OCN~ abundances are obtained at 
a fluence of 0.2-3.0x10^'' photons cm~^. 

is detected only after prolonged irradiation and reaches a 
maximum abundance at a UV dose of ^ 1 x 10^^ pho- 
tons cm~^. At higher UV doses it again decreases due to 
photodestruction. At the highest doses only CO2 is seen 
to form. The nitrogen-bearing species that were detected 
degrade and most likely form infrared-weak or inactive 
molecules. Molecular nitrogen or complex large organics 
are suggested to form in this context (Agarwal et al. 1985; 
Bernstein et al. 1995; Munoz-Caro & Schutte 2003). 

Table 0| shows a summary of the ice matrices used to 
investigate the efficiency of the OCN~ formation. The re- 
peatability of the listed values is typically of the order of 
20%. The formation efficiency rises when the fraction of 
CO and NH3 in the ice is increased, whereas the elimina- 
tion of H2O from the matrix shows no significant effect. In 
order to form OCN^ at the abundance observed towards 
W33A, the minimum initial ice fraction of CO and NH3 
must be of the order of 30% or higher. No ice was found to 
form more than 2.7% OCN^. On average the production 
efficiency ranges between 0.6% and 1.8%. 

Standard experimental conditions used a 'hard' UV- 
irradiation source. The influence of the photon character- 
istics on the formation of OCN~ was tested with a less 
intense, less energetic 'soft' UV source that contains pri- 
marily photons of ^^160 nm. 'Soft' processing is shown in 
Fig. [7| The photoproducts formed are similar as those due 
to 'hard' UV. However, due to the difference in energy dis- 
tribution, products appear at different doses. Under 'soft' 
conditions, the maximum OCN~ formation occurs at a 
dose of ~ 4 X 10^^ photons cm^^, a factor of 4 higher than 
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Fig. 5. The 2300-1000 cm~^ spectral range of a stan- 
dard H2O/CO/NH3 ice matrix after photoprocessing with 
'hard' UV photons. The complete spectrum is dominated 
by the CO2 stretch vibration at 2342 cm~^, left out for 
practical reasons. 

Table 3. Peak assignment of a standard H2O/CO/NH3 
ice after UV-photoprocessing. 



Wavenumber (cm ^) Assignment" A (cm"^ molec ^ 



Initial ice matrix 






3290 


H2O 


2.0x10"^^'* 


2139 


CO 


1.0x10-1^'' 


1127 


NH3 


1.3x10"^'''' 


Photoproducts 






2342 


C02 


7.6x10"^'''= 


2278 






2260 


HNCO 


7.2x10""'' 


2169 


OCN" 


1.3x10"'^'' 


1849 


HCO" 




1720 


H2CO 




1690 


HCONH2 


3.3x10""' 


1580 


HCOO" 


1.0x10"''*'' 


1499 


HaCO^ 


3.9xl0~''*^' 


1485 


NH+ 


4.1x10""'' 


1386 


HCONH2 


2.8x10"'**'' 


1352 


HCOO- 


1.7x10""'' 


1330 


HCONH2 




1020 


CH3OH 


1.9x10""" 


650 


CO2 





Assignment from Grim et al. (1989) unless otherwise noted; '' 
This article; d'Hendecourt et al. (1986); d'Hendecourt & 
AUamandola (1986); Gerakines et al. (1995); ^ Schutte et al. 
(1993); " Schutte et al. (1991); '' Schutte et al. (1999);' Wexler 
(1967) 



in the 'hard' environment, but its maximum abundance is 
hardly effected, 1.1% versus 0.8%. The destruction of CO 
and the formation of CO2 decrease enormously with 'soft' 
UV but the evolution of NH3 is almost unaltered: only 
20% of its initial abundance is left when OCN" reaches 
maximum abundance. This dependence on UV photon en- 
ergy is consistent with the wavelength dependence of the 
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Fig. 6. Photoprocessing of H2O/CO/NH3 100/22/18 
ice with 'hard' UV photons. All ice components are shown 
in percentage of the initial H2O abundance. 




1 10 100 

UV dose (x10" photons cm ', 'soft' UV) 



Fig. 7. Photoprocessing of H2O/CO/NH3 = 100/22/18 
ice with 'soft' UV photons. All ice components are shown 
in percentage of the initial H2O abundance. 

photodissociation cross sections of these species, with CO 
being destroyed only at A < 110 nm (van Dishoeck 1988). 

When a photoprocessed matrix is thermally annealed, 
the OCN" production efhciency seems to increase. In 
Fig- El the dominant ice components of a photoprocessed 
H2O/CO/NH3 ice, plotted relative to the initial H2O 
abundance shows an increase of the 4.62 /im signal in- 
tensity as a function of temperature to a maximum of 
^12% at 180 K. UV-photolysis experiments have shown 
that small amounts of HNCO form in the ice, contributing 
to an increasing signal by thermal conversion to OCN" at 
temperatures of 70-100 K. However, since the increase is 
prominent only at higher temperatures while thermal de- 
protonation is already apparent below 70 K, it is more 
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Table 4. OCN peak abundances obtained by UV pho- 
toprocessing 



Matrix composition Layer OCN 

thickness (max.) 
H2O CO NH3 ijjm) 



Variable layer thickness 



100 24 22 


0.026 


1.03 


100 24 20 


0.08 


1.26 


100 24 21 


0.12 


1.38 


Variable NH3 abundance 






100 24 9 


0.08 


0.50 


100 23 31 


0.03 


1.74 


100 23 34 


0.14 


1.98 



Fig. 8. Thermal annealing of a photoprocessed 
H2O/CO/NH3 ice ('hard' UV).A11 ice components 
are shown in percentage of the initial H2O abundance. 

likely induced by changing interactions in the OCN~- 
NHJ salt-complex. NH3, CO and CO2 evaporate in the 
laboratory between 120 K and 160 K when mixed in 
H2O. OCN^ remains present in the condensed phase up 
to ~200-240 K and the small strengthening of the 4.62 /im 
signal intensity is accompanied by the evaporation of the 
H2O ice, motivating the argument of salt formation. 

All the matrices studied were optically thin to UV 
radiation. Nevertheless, thicker ice layers are seen to sup- 
port a higher OCN^ formation efficiency than thinner 
ones. The thicker the ice, the lower the ratio of pho- 
tons/molecule needed to favor the processes involved in 
formation. A second, more plausible, explanation could 
be a caging effect that effectively slows down the dissoci- 
ation of HNCO into NH + CO, making the reaction of H 
+ NCO more prominent. This is shown in noble gas ma- 
trices by Pettersson et al. (1999). Since the photoproduc- 
tion of OCN~ is also likely to be matrix-assisted and the 
amorphous ice in which OCN^ is formed allows for some 
mobility of the photoproducts, the trapping of volatile in- 
termediate products will be more effective in thicker ice 
layers and will result in a higher maximal OCN^ abun- 
dance. Our experiments are, however, not detailed enough 
to draw stronger conclusions on the mechanisms involved. 

Under 'Various ' in TableQlsome experiments are listed 
that differ from the adopted standard conditions. Either 
the experimental conditions or the initial composition of 
the matrix is changed. UV processing of ice at elevated 
temperatures of 50 K results in a lower OCN" production 
efficiency than at 15 K. The ice was grown under standard 
conditions at 15 K and then brought to 50 K for irradi- 
ation. Fig. |S1 shows that CO and NH3 slowly evaporate 
from such an ice matrix, which will cause a continuous 
decrease in concentration that in turn leads to a lower 
photoproduction of OCN". Alternatively, volatile inter- 
mediates evaporate more easily at higher temperatures. 



Variable CO abundance 



100 


8 


20 


0.06 


0.58 


100 


39 


20 


0.011 


1.29 


100 


55 


21 


0.08 


1.78 




56 


20 


0.07 


1.77 



Variable NH3 at double CO 
abundance 



100 


56 


8 


0.08 


0.45 


100 


53 


32 


0.08 


2.68 


100 


42 


32 


0.05 


1.88 



Variable NH3 at half CO 
abundance 



100 9 


8 


0.07 


0.32 


100 7 


31 


0.07 


0.56 


H2O/CH3OH/NH3 






100 22 


9 


0.09 


1.1 


100 35 


11 


0.07 


1.6 


100 15 


15 


0.10 


1.2 


100 28 


40 


0.07 


1.6 


Various 








100 24 


20 


0.07 


0.96 


100 25 


20 " 


0.10 


1.05 


100 50 


20 


0.016 


0.41 


100 


18 " 


0.12 


1.00 


24 


_ / 


0.08 






20 9 


0.05 






h 


0.06 





All experiments are performed under standard conditions, T 
= 15 K and irradiation with 'hard' UV photons of 4x10'' K, 
unless otherwise stated. Results are obtained with an accuracy 
of 20%.; abundance relative to the originally abundant H2O 
in %; T = 50 K; " Irradiation with a UV field of soft UV 
photons (IxlO"* K) at T = 15 K; H2O/NH3 layer (0.01 pm) 
with a CO layer (0.006 pm) on top; " H2CO (28%) substitutes 
CO; ^ N2 (24%) substitutes NH3; ^ CH4 (20%) substitutes CO; 
N2 (24%) and CH4 (20%) substitute NH3 and CO. 
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100 200 300 400 

UV dose (xlO"^ photons cm "^ 'hard' UV) 

Fig. 9. Photoprocessing of H2O/CH3OH/NH3 = 
100/22/9 ice with 'hard' UV photons. All ice com- 
ponents are shown in percentage of the initial H2O 
abundance. 



leading to lower production. This observation supports the 
argument above that increased product mobility in the ice 
lowers the maximum OCN~ formation efficiency. 

A two phase model, in which CO is deposited on top 
of H2O and NH3, shows that NH3 and CO residing in dif- 
ferent, adjoining, ice layers on a grain forms no restriction 
for OCN~ formation. The efficiency of formation is con- 
siderably lower than for mixed matrices but much higher 
than would be expected from a purely interface-based re- 
action and could be partly explained by CO grown on top 
of amorphous ice, making use of a much larger surface 
area to react. Also, UV photons are likely to locally in- 
crease the effective temperature of the ice that increases 
diffusion and can lead to the mixing and trapping of CO, 
such as occurs upon thermal warming. 

In analogy to CO, the more reduced species H2CO, 
CH3OH and CH4 were also tested for their OCN~ pro- 
duction efficiency. H2CO and CH3OH showed favorable 
results and will be discussed in Sect. 3.5. CH4 was found 
not to be an OCN~ precursor through UV photoprocess- 
ing. Also when NH3 was substituted by N2 no OCN^ for- 
mation was observed. 

3.5. UV photoprocessing of H2O/CH3OH/NH3 ice 

In addition to the CO photolysis experiments, the OCN~ 
production has been examined in several ice matrices 
in which CO was replaced by more reduced analogs, 
e.g. H2CO and CH3OH. Methanol is the second most 
abundant molecule observed in interstellar ices for some 
lines of sight (AUamandola et al. 1992; Dartois et al. 
1999a; Pontoppidan et al. 2003). Previous experiments by 
Bernstein et al. (1995) showed that photoprocessing of 
methanol in H20-ice produces similar oxygen-containing 
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Fig. 10. Thermal annealing of H2O/CH3OH/NH3 = 
100/15/15 ice. All species are in percentage relative to 
the initial II2O abundance. 

molecules as ices containing H2O, CO and NH3. A further 
look into the production efficiency from CH3OH at various 
relative abundances shows that less NH3 is required in the 
starting ice-matrix to produce similar amounts of OCN^ 
as does a corresponding CO-containing ice matrix. Fig. |21 
shows the photoprocessing of NH3 and CII3OH and the 
evolution of OCN~. Compared to Fig. El both ices form 
similar quantities of OCN~, however, in the presence of 
CII3OII only half as much NH3 is required initially to ob- 
tain the same amount of OCN~ (also Table 0J. Notably, 
in this case, a higher (~3x) ffuence of ~4xl0^^ 'hard' 
UV-photons cm^'^ is needed to reach maximum OCN~ 
abundance, resulting in higher NII3 destruction. 

The thermal processing of a photoprocessed 
H2O/CH3OH/NH3 = 100/15/15 ice (initial composition) 
at maximal OCN^ production is shown in Fig. ^| and 
looks highly similar to the thermal processing of its irra- 
diated CO-analog shown in Fig.|Hl H2O is included in this 
plot as a percentage of its own initial band strength to give 
an idea of the coexistence of H20-ice and solid OCN~ at 
different temperatures. It is important to realize that the 
H20-ice feature at 3/zm undergoes an enormous change 
around 120 K due to crystallisation and that this will 
directly effect the OCN^ matrix environment. It is also 
interesting to note that OCN~ evaporates at somewhat 
higher temperatures, 200-240 K, than II2O but that the 
evaporation of H2O is not accompanied by a major change 
in the infrared-feature at 4.62 /im. 

4. Astrophysical implications 

OCN^ is easily formed in the laboratory by energetic pro- 
cessing of interstellar ice analogs. Moreover, the fact that 
OCN~ can be readily produced by UV photolysis has led 
to the direct association of this interstellar feature with 
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Source 


A„ 


H2O 


NH3/H2O 


CH3OH/H2O 


OCN-/H2O 


COtotal 


C02-bend 






(10i«) 


(10-2) 


(10-2) 


(10-3) 


N X 10"cm-2 


T (K) 


W3 IRS 5 


144^0 


5.4^ 


<3.5^ 


< 2.96^" 


< 5.23* 


<1.7" 


136^ 


W33 A 


148" 


12^5 


< 531 


15.4" 


22. l^'' 


3.9" 


136^50-90" 


GL 2136 


94.3^'' 


5I 


5.4^5 


5.2^0 


2.62'' 


0.622'' 


117^ 


GL 2591 


n.d. 


1.7^ 


n.d. 


4.12^ 


n.d. 


<0.42'' 


117^ 


S140 


75^'' 


2.15^ 


n.d. 


< 2.79^*^ 


n.d. 


n.d. 


136^ 


NGC 7538 IRS9 


> 84^*^ 


8^ 


g25 


6.06^3 


5.8^^ 


9.62« 


119V50-90" 


AFGL 7009S 


75" 


12" 


11 


29.5" 


13.5 2* 


n.d. 


853 


AFGL 961E 


40" 


4.2^* 


n.d. 


< 4.76^" 


2 727 


n.d. 


n.d. 


MonR2 IRS2 


21" 


5.9^ 


n.d. 


2.20^° 


6.52^ 


n.d. 


n.d. 


IRAS 08448-4343 


40^ 


7 8"' 


n.d. 


0.84^ 


1 7'' 


n d 


n.d. 


L1551 IRS5 


> 19^" 


3.5^^^ 


n.d. 


n.d. 


14.l2« 


3.0^'^ 


n.d. 


RNO 91 


> 10'^ 


2.2^ 


n.d. 


n.d. 


< 13.l2 


n.d. 


n.d. 


Elias 18 


17"^ 


1.52 


n.d. 


5.33 21 


7.230 


2.3" 


20-30" 


PV Cep 


19^2 


7.4^ 


n.d. 


n.d. 


< 0.82 


n.d. 


n.d. 


Elias 1-12 


10® 


1.1^ 


n.d. 


n.d. 


< 5.62 


n.d. 


n.d. 


HL Tau 




1.4^ 


n.d. 


n.d. 


<5.1 21 


< 2.l2 


n.d. 


HHIOO-IR 


25« 


3.9" 


5.6^5 


< 6.152* 


3.4 * 


n.d. 


10^2 


Elias 29 


<23" 


<l.li» 


<13" 


< 2.5" 


< 0.4" 


1.7" 


<40" 


Elias 16 




2.5^^ 


n.d. 


< 2.92^ 


< 23.1* 


6."5 


10^ 


GC:IRS19 


n.d. 


3.6* 


535 


n.d. 


32.1* 


1.4" 


10-40* (H2O 3.0 Aim) 


SgrA* 




1.2435 


<5i 


<435 


2033 


<1.535 


10-1535 (H2O 3.0 Atm) 


NGC 4945 


n.d. 


3.5-4.333 


n.d. 


n.d. 


38-4633 


9.733 


<9033 



n.d. indicates measures that have not yet been determined; ^ Gerakines et al. (1999); 2Keane et al. (2001a); 3 Dartois et 
al. (1999a); * Whittet et al. (2001); ^ Thi et al. (2002); ^ Whittet et al. (1985); ^ Weintroub et al. (1991); * Chiar et al. 

(2002) ; ^ Whittet et al. (1996); " Cohen et al. (1975), Davidson & Jaffe (1984); " Boogert et al. (2000a); " Nummelin 
et al. (2001), Temperature determination by fitting of the 4.27 fim feature of CO2; ^3 Moneti et al.(2001). Temperature is 
determined towards Sgr A* from CO gas lines; " Dartois et al. (1999b); " Gibb et al. (2000); " Brooke et al. (1996); " 
Tielens et al. (1991) ^* Smith et al. (1989); " Boogert et al. (2000b); ^° Brooke et al. (1999); 21 Chiar et al. (1996); 22 
Stapelfelt et al. (1995); 23 AUamandola et al. (1992); 2* Graham et al. (1998); 2^ Gurtler et al. (2002); 26 Sandford et al. 
(1988); 2^^ Pendleton et al. (1999); 2« Demyk et al. (1998); 2^* Tegler et al. (1993); 3° Tegler et al. (1995); 3^ Taban et al. 

(2003) ; 32 Whittet et al. (1988); 33 Spoon et al. (2003); 3* Lacy et al. (1979); 3^ Chiar et al. (2000); 3" Rieke et al. (1989) 
and references therein; ^"^ Willner et al. (1982) 



UV processing of ices in molecular clouds (Pendleton et al. 
1999). The unambiguous interpretation of this feature as 
a diagnostic of photoprocessing, however, needs some in- 
depth analysis of the conditions under which OCN- forms, 
its yield and the by-products of its formation. Hereby the 
caveat of Sect. 2 must be kept in mind when scaling lab- 
oratory data to the observations. 

Detections and upper limits on the interstellar 4.62 fim 
feature observed towards a variety of lines-of-sight are 
summarised in Table |S1 The top part of the table lists 
high-mass YSO's, the middle part low-mass YSO's and 
the bottom part background sources, GC sources and an 
external galaxy. Typical abundances with respect to H2O 
range from 0.2%-0.8% for both high and low mass stars, 
with a few exceptions where the observed values increase 
up to 1.4%-2.2%. W33A, by far the best studied object, 
shows the highest OCN~ content (2.2% relative to H2O) 
in our galaxy, making it best suited to constrain the possi- 
ble OCN- production mechanisms. Recently Chiar et al. 
(2002) detected an even higher abundance of 3.6% OCN- 



toward GCTRS 19, and Spoon et al. (2003) find 3.4%- 
3.9% OCN~ towards the central region of the starburst 
galaxy NGC 4945. Fig. II II shows that there is no correla- 
tion with Ay, stressing that OCN- is most likely inhomo- 
geneously distributed over the line-of-sight. 

The experiments presented in Sect. 3 clearly show that 
OCN~ can form from many different ices under various 
conditions. Its formation efficiency is found to depend on 
the energy distribution of the radiation source and on the 
thickness, the temperature and, above all, the composi- 
tion of the ice. Here we assess the probability of the vari- 
ous formation routes under interstellar conditions as well 
as search for correlations with established interstellar pa- 
rameters. 

4.1. UV photoprocessing: CO 

UV photoprocessed ice matrices, composed of H2O, CO 
and NH3, are shown to match the interstellar 4.62 /im fea- 
ture nicely but a quantitative analysis proves that this 
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Fig. 11. Correlation diagram of OCN^, shown in abun- 
dance relative to H2O, with the visual extinction Ay. 
Upper limits are indicated by arrows. 



Fig. 12. Correlation diagram of OCN~ and CH3OH, both 
shown in abundance relative to H2O. Upper limits are 
indicated by arrows. 



route is inefficient. A large amount of CO and NH3 is 
needed to reproduce the observed abundances. This prob- 
lem is most severe towards W33A. Assuming that the 
2.2% of OCN~ observed towards W33A corresponds to 
a local maximum, Table 0] shows that the initial ice ma- 
trix needs to have at least 25%-50% CO and 30% NH3 at 
15 K, relative to H2O. Table El includes the observed solid 
CO and NH3 abundances towards a variety of sources. CO 
ice is detected towards numerous lines-of-sight and sets no 
constraints on the production possibility of OCN^. NH3 
is more controversial with upper limits of the order of 5% 
(Taban et al. 2003). Even when photodestruction and stor- 
age in NHJ is taken into account this upper limit makes it 
unlikely that interstellar ices could contain abundances as 
high as 30%. On the other hand, TableQlshows that typi- 
cal abundances of 0.2%-0.8%, found for OCN^ towards a 
number of sources (Table 5), are produced from a realistic 
interstellar ice analog, initially containing ~8% NH3 with 
respect to H2O. 

In addition to NH3, the presence of UV photons en- 
forces a constraint on the photoproduction of OCN^. In 
the laboratory, the UV ffuencc that produces the maxi- 
mum amount of OCN~ corresponds to a molecular cloud 
at an age of ~4xl0^ yr with a cosmic-ray induced UV- 
field of 1.4x10"' photons cm~^ s"^ (Prasad & Tarafdar 
1983). This timescale is quite long compared with that es- 
timated for the dense pre-stellar and YSO phases where 
ices are produced. Regions which could have sufficient UV 
to form OCN^ include the outer regions of protoplanetary 
discs (Herbig and Goodrich 1986) or clouds located close 
to bright O & B stars (Mathis et al. 1983). However, since 
the 4.62 /xm absorption band is only observed in associa- 
tion with H2O ice, which is generally not seen in regions 
with large UV intensity, this casts doubt on its forma- 



tion in such regions as well (Whittet et al. 2001). Based 
on these arguments, UV photoprocessing of II2O, CO and 
NII3 containing ices alone cannot account for the OCN~ 
abundance observed towards W33A, GC:IRS19, SgrA* 
and NGC 4945. 

4.2. UV photolysis: Methanol 

Methanol is the second most abundant ice component to- 
wards W 33 A and AFGL 7009S (Dartois et al. 1999a) and 
is highly abundant in the line-of-sight towards many ob- 
jects that also show OCN~. Gibb et al. (2000) suggest 
a possible correlation between the extent of ice process- 
ing and the methanol abundance. CH3OH is thought to 
form by the sequential hydrogenation of CO on grain sur- 
faces (Tielens & Charnley 1997), which is believed to in- 
clude some endothermic reaction steps that could be facil- 
itated, or exclusively occur, when the ice is energetically 
processed, either thermally or photochemically. If the ori- 
gin of CH3OH is somehow coupled to irradiation, then a 
correlation with OCN^ could be expected. Fig. 1121 shows 
the abundances of CH3OH and OCN~, relative to H2O. 
A tentative but weak trend can be observed to support 
this idea, but it is based on only a few clear detections 
and decidedly more upper limits. This ffgure does not yet 
include the new detections of CH3OH in low-mass YSOs 
by Pontoppidan et al. (2003). It will be particularly inter- 
esting to check the OCN^ abundance in these objects. 

Laboratory experiments on the photoprocessing of 
H2O/CH3OH/NH3 ices. Table m show methanol to be a 
similarly effective precursor of OCN^ as CO. The high 
methanol abundances observed support this possible route 
of formation. Again a considerable initial abundance of 
NH3 ice is required, although less than in CO mixtures. 
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The UV fluence needed to produce OCN" via CH3OH, 
which is ^3x higher than for CO, resuhs in a high degee 
of photodissociation of NH3 , such that any remaining NH3 
could be consistent with the observed conservative up- 
per Hmits (5% relative to H2O towards W 33 A). However, 
such a high fluence is not expected to be present in the 
environments that show the 4.62 ^m feature which puts 
strong doubts on this formation mechanism (see discus- 
sion above). 



4.3. UV photolysis or thermal processing: HNCO 

The acid-base reaction that forms OCN^ in the condensed 
phase is efficiently mediated by thermal processing as well 
as by UV photoprocessing of HNCO-containing ice in the 
laboratory. How HNCO ices are formed on interstellar 
grains remains an unaddressed issue in this paper. HNCO 
is abundant in the gas phase in hot cores and regions 
associated with high mass star formation and shocked 
gas (Zinchenko et al. 2000 and references therein) but 
no HNCO has yet been detected in interstellar ices. One 
way to form HNCO is by grain-surface reactions in dense 
molecular clouds, which can lead to abundances of ~3% 
with respect to H2O (Hasegawa & Herbst 1993). In the 
gas phase, either an ion-molecule reaction mechanism or 
a neutral-neutral reaction pathway is suggested (Iglesias 
1977; Turner et al. 1999). 

We determined upper limits on the HNCO ice abun- 
dance for NGC 7538 IRS9 (< 0.5%), GL 2136 (< 0.7%) 
and W33 A (< 0.5%). These allow for a minimal conver- 
sion to OCN- of -50%, -50% and -75%, respectively. 
NH^", detected toward various sources, is sufficiently abun- 
dant to balance the observed OCN^ (Schuttc & Khanna 
2003; Keane et al. 2001a). Induced by UV, this reaction 
mechanism would require a minimal fluence of — 2 x 10^^ 
photons cm^^ (50% conversion) or 1 x 10^^ photons cm~^ 
(75% conversion) of hard UV in the laboratory. In analogy 
to the discussion above on the presence of UV this very 
likely exceeds the acceptable fluence seen by a grain inside 
a cloud intergrated over the lifetime of a molecular cloud. 

Alternatively, a —75% conversion can be thermally me- 
diated at a temperature of 60-90 K in the laboratory, 
which is in good agreement with the temperatures found 
for the dominant part of the ice observed towards NGC 
7538 IRS9, GL 2136 and W 33 A. Table 5 includes the (lab- 
oratory) temperature that best fits the solid CO2 feature 
(Boogert et al. 2000b; Gerakines et al. 1999). Figure US 
shows the OCN^ abundance as a function of this tem- 
perature. No OCN^ is detected toward sources with CO2 
temperatures higher than 140 K but it seems randomly 
distributed at lower temperatures. Since its thermal for- 
mation starts at 15-20 K, this indirectly indicates an ini- 
tially random HNCO distribution. However, such a con- 
clusion is premature since the presence or absence of other 
sources of energetic processing will highly influence any re- 
lation. 

The combination of the efficiency of this process 



(—100%), the low NH3 requirement, the low temperature 
formation route and the detection of NH]{" towards W 33 A 
make thermal processing of HNCO the most favorable pro- 
duction mechanism for OCN^. 




10 10 20 30 40 60 60 70 80 90 100 110 120 130 140 150 160 
Temperature (K) 



Fig. 13. OCN^ abundance relative to H2O, as a function 
of the ice temperature, observed towards YSOs. Upper 
limits are indicated by arrows. 



5. Conclusion 

We have presented a laboratory study on the efficiency of 
thermal versus UV-mediated OCN~ formation to qualita- 
tively investigate the interstellar 4.62 /im feature. OCN^ 
is easily formed by UV-photolysis of a classic ice matrix of 
H2O/CO/NH3 and also when CO is replaced by CH3OH 
or HNCO. Nevertheless, it remains questionable whether 
sufficient UV-photons are present inside dense clouds. UV 
photolysis also requires high initial abundances of NH3 to 
reproduce the optical depth of the 4.62 fim feature, partic- 
ularly towards YSO's where observed OCN^ abundances 
exceed 1.2% with respect to H2O. Moreover, when start- 
ing from a CO ice mixture, the amount of NH3 remaining 
in the ice after photoprocessing is too high to be consis- 
tent with the conservative upper limit of 5% determined 
toward W33A. In a CH3OH ice mixture a lower NH3 
content is needed but the UV fluence required is approxi- 
mately 3x higher with respect to a CO-containing ice. The 
most favorable OCN~ formation route emerging from this 
study is the thermal processing of HNCO-containing ices. 
Provided that HNCO is present in interstellar ices, ther- 
mal processing is —100% efficient and is consistent with 
the data in particular toward W 33 A, NGC 7538 IRS9 and 
GL 2136. Also the inferred interstellar ice temperatures 
along the linc-of-sight towards other OCN^-containing 
YSO's are in agreement with this route of formation. 
In the case of sources for which OCN^ has not been de- 
tected, little insight can be gained about its formation 
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mechanism. They could be either too young (too httle 
UV exposure) or colder than 10 K. In these cases, HNCO 
can be present but only in H20-rich ices at temperatures 
below 10 K. At higher temperatures, the presence of suf- 
ficient amounts of proton acceptors like NH3 rapidly in- 
duces OCN~ formation. A non-detection for OCN~ would 
in that case indicate lack of HNCO or NH3 formation. 
Future searches for weak OCN~ , NH3 and HNCO features 
are needed to further constrain these chemical routes. 
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